The rate-limiting enzyme in the conversion of cholesterol into bile acids is cholesterol 7alpha-hydroxylase (CYP7A1). An A to C substitution 278 bp upstream in the promoter of the CYP7A1 gene was found to be associated with variations in serum lipid levels in normolipidaemic populations. In the present study, we investigated the involvement of this polymorphism in four different lipid disorders: hypertriglyceridaemia (HTG), combined hyperlipidaemia (CH), familial dysbetalipoproteinaemia (FD) and familial hypercholesterolaemia (FH). In a normolipidaemic male population, homozygous for the apoE3 isoform, an association was found between the AA genotype and higher levels of serum triglycerides (AA: þ 34%, P ¼ 0.036). In HTG patients, the AA genotype was associated with significantly higher concentrations of total cholesterol ( þ 23%, P ¼ 0.005). There was a tendency towards increased levels of serum triglycerides ( þ 39%, P ¼ 0.06), VLDL-triglycerides ( þ 48%, P ¼ 0.053) and VLDL-cholesterol ( þ 35%, P ¼ 0.059). No significant associations were found between serum lipid levels and the CYP7A1 polymorphism in patients with CH, FD and FH. Our results show that the A-278C polymorphism in the CYP7A1 gene has an effect on triglyceride levels in normolipidaemic males and on cholesterol levels in patients with hypertriglyceridaemia.
Introduction
It is well known that variation in serum lipid and lipoprotein levels is associated with the development and progression of atherosclerotic cardiovascular disease. Epidemiological studies demonstrate that about 50% of the variations in serum total and low density lipoprotein (LDL) cholesterol are caused by genetic factors. 1 -3 Polymorphisms in genes encoding proteins involved in cholesterol metabolism can therefore be important determinants for these interindividual differences. In addition, variations in such genes might also contribute to (or modulate) the development of disorders in which the lipid metabolism is disturbed. The liver plays a central role both in the regulation and maintenance of the whole body sterol balance. Conversion of cholesterol into bile acids in the liver, together with secretion of cholesterol into bile is quantitatively the major pathway for eliminating cholesterol from the body. 4 Several studies indicate that variations in the biosynthetic pathway of bile acids have important phenotypic consequences for both cholesterol and lipid metabolism. 5 -10 The first and rate-limiting enzyme in the breakdown of cholesterol is cholesterol 7alpha-hydroxylase (CYP7A1). 4, 11 An A to C conversion 278 bp upstream in the promoter has been found in the CYP7A1 gene. 12 This polymorphism has been related to variations in serum lipid levels; however, results seem inconsistent. A significant increase in LDLcholesterol was observed in homozygous C carriers, both in men and women. 12 In the Framingham Offspring Study, 13 in which more than 2000 subjects were studied, increased LDL-cholesterol levels were found, only in men. Furthermore, women homozygous for the C-allele had significantly lower triglyceride levels than heterozygotes. 13 In another study, performed by Hegele et al, 14 the polymorphism was inconsistently associated with serum lipid levels in three normolipidaemic Canadian populations. So far, the influence of this polymorphism has only been studied in normolipidaemic populations. Several common inherited lipid disorders are described in humans; however, the precise molecular background of most of these disorders is yet unknown. Patients with familial dysbetalipoproteinaemia (FD or type III HLP) are characterised by elevated cholesterol and triglyceride levels due to the accumulation of chylomicron and very low-density lipoprotein (VLDL) remnants in the serum. Another common metabolic disorder is hypertriglyceridaemia (HTG), which is characterised by both overproduction and decreased clearance of triglycerideenriched lipoproteins and by reduced concentrations of HDL-cholesterol. In combined hyperlipidaemia (CH), multiple lipoprotein phenotypes are present in the individual or within a family, mostly elevated serum LDLand VLDL-cholesterol levels. Owing to the complex phenotypes of these diseases, they are thought to be heterogeneous multifactorial disorders, influenced by several genetic and environmental factors. In contrast, familial hypercholesterolaemia (FH) is a common monogenetic disorder caused by mutations in the LDL receptor gene, leading to elevated serum LDL-cholesterol concentrations, tendon xanthomas and premature development of coronary heart disease. Although the molecular mechanism underlying this defect is known, it is conceivable that additional genetic factors can contribute to the expression of the phenotype and thereby to the development and severity of this disorder.
Since these disorders are all characterised by disturbed serum lipid levels and CYP7A1 is a major regulator of sterol balance, but also may affect triglyceride levels, 6 we investigated whether the CYP7A1 polymorphism is an additional genetic risk factor contributing to the expression or development of the four lipid disorders: HTG, FD, CH and FH.
Methods

Subjects
In this study, we used five different groups of subjects. The first group consisted of healthy normolipidaemic 35-yearold males (n ¼ 290), randomly selected from three different geographic areas in the Netherlands. 15 Furthermore, we used four groups of hyperlipidaemic subjects. The first group were patients with endogenous HTG (n ¼ 139). The diagnosis HTG was based on the means of two fasting blood samples obtained after a dietary period of at least 8 weeks. The diagnostic criteria for HTG were: serum triglycerides 44.0 mmol/l, serum VLDL-cholesterol 41.0 mmol/l and serum LDL-cholesterol o4,5 mmol/l. 16, 17 Patients with FD (n ¼ 157) were diagnosed on homozygosity for the apoE2 isoform. 18 The FD population was divided into hypercholesterolaemic and normocholesterolaemic subjects. Hypercholesterolaemic FD patients were defined as having total cholesterol levels higher than the 90th percentile, whereas normocholesterolaemic E2/E2 subjects had total cholesterol levels lower than the 90th percentile, according to the age-and sex-related percentile levels of the Prospective Cardiovascular Munster Study. 19 The diagnostic criteria for CH (n ¼ 92) were total serum cholesterol 47.5 mmol/l, serum triglyceride concentration 42 mmol/l, VLDL-cholesterol 41 mmol/l and absence of tendon xanthomas. 18 Diagnosis of FH (n ¼ 272) was based on the mean of two measurements of total serum cholesterol 48.0 mmol/l, triglyceride levels o2.5 mmol/l (or a VLDL-cholesterol level of lower than 1.0 mmol/l after ultracentrifugation) and a family history of hypercholesterolemia and/or premature cardiovascular disease or the presence of tendon xanthomas. 18 All serum lipid levels were measured before treatment with lipid-lowering drugs. Exclusion criteria for all disorders were secondary hyperlipidemia due to diabetes mellitus, renal, liver or thyroid disease, fasting glucose 47.0 mmol/l and alcohol consumption 440 g/day. Patients were not metabolically deranged.
All subjects gave informed consent and the study protocol was approved by the ethical committee from the Leiden University Medical Centre, Leiden, The Netherlands.
Biochemical analyses
Venous blood samples were collected after an overnight fast. Serum was obtained after centrifugation at 1500 g for 15 min at room temperature. Total serum cholesterol and triglyceride levels were measured enzymatically, using commercially available kits (Boehringer, Mannheim, Germany). For determination of individual lipoproteins, 3 ml of fresh serum was ultracentrifuged for 15 h at 232 000 g at 151C in a TL-100 tabletop ultracentrifuge using a TLA-100.3 fixed angle rotor (Beckman, Palo Alto, CA, USA). The content of the ultracentrifuge tube was divided in a density
as the VLDL and LDL-HDL fraction, respectively. HDLcholesterol was measured in the LDL-HDL fraction after precipitation of LDL with phosphotungstic acid and MgCl 2 . Insulin was measured with a conventional radioimmuno assay (Medgenix, Brussels, Belgium) and glucose with a Hitachi 747 analyzer, according to standard procedures (Roche diagnostics, Mannheim, Germany). In the control population, apoB concentrations were measured by immunonephelometric assay. 20 and serum apoA1 levels were quantified by radial immunodiffusion. 21 ApoE phenotyping in the normolipidaemic and the FD populations was performed using a rapid micro-method based on isoelectric focusing of delipidated plasma followed by immunoblotting using polyclonal anti-apoE antiserum. 22 For the FD population, the results were confirmed by apoE genotyping as previously described by Reymer et al.
23
CYP7A1 A-278C promoter polymorphism Genomic DNA was isolated from peripheral blood leucocytes by standard methods. 24 The A to C substitution 278 bp upstream of the translation initiation codon was detected as described previously; 12 however, the following alternative primers were used: 5 0 -TTG AGG GAT GTT AGG TGA GTA-3 0 (sense) and 5 0 -AAG AAT AAG CCA TAG ACA AC-3 0 (antisense), resulting in a 690 bp fragment. Amplification was performed for 35 cycles of 30 s at 931C, 30 s at 551C and 30 s at 721C with an initial denaturation period of 4 min. Reactions were performed in 25 ml volumes containing 14.3 ml milliQ water, 100 -200 ng genomic DNA, 0.2 mM of each dNTP, 2.5 ml TAQ buffer, 0.5 U TAQ polymerase (Ht Biotechnology Ltd, UK) and 5 pmol of each primer. The PCR-amplified DNA fragment was digested by the enzyme BSAI, and fragments were resolved on a 2% agarose gel containing ethidium bromide. In the HTG and normolipidaemic FD populations, the number of women was small (n ¼ 19 and 18 respectively) and therefore man and women were combined. For the other populations, man and women were analysed separately; however, if there were no differences in results, the data were combined. Differences in serum lipid levels among the CYP7A1 genotypes were tested with analysis of variance. For the hyperlipidaemic populations, BMI, sex and age were taken as covariates. In case of significant differences, group means were compared by Fisher's Least Significant Difference test for multiple comparisons. Differences were considered significant at Po0.05.
Statistical analyses
Results
No dominant role of the CYP7A1 A-278C promoter polymorphism in hyperlipidaemic disorders Baseline characteristics of the patient groups and normolipidaemic males are shown in Table 1 . In comparison with the control group, either cholesterol, triglyceride or both levels were significantly elevated in the different patient groups, with the exception for the normolipidaemic FD patients.
All individuals were genotyped for the CYP7A1 A-278C polymorphism. The genotype distributions of the CYP7A1 variants, as well as the observed frequencies of alleles, among the different populations, are shown in Table 2 . The observed allele frequencies in all populations were in Hardy -Weinberg equilibrium. There were no significant differences in genotype distributions between the normolipidaemic control population and the different hyperlipidaemic disorders. Since all FD patients carry the E2 isoform of the apoE protein but only 4% will develop the hyperlipidaemic phenotype, the FD population was divided into normolipidaemic and hyperlipidaemic subjects. However, no significant differences were found between genotype distributions of the normolipidaemic and the hyperlipidaemic FD patients. These data indicate that the CYP7A1 polymorphism plays no major role in the development of the four hyperlipidaemic disorders.
The CYP7A1 A-278C polymorphism has a modulating effect on lipid levels in normolipidaemic males and hypertriglyceridaemic patients Since no data were available for LDL-and HDL-cholesterol in the normolipidaemic male population and apoB and apoA1 levels correlate well with LDL-and HDL-cholesterol levels, associations with these proteins (see Table 1 ) were determined. In the normolipidaemic male population, no significant associations were found between serum lipid and apolipoprotein levels and the CYP7A1 genotype. However, there was a tendency towards increased triglyceride levels in subjects with the genotype AA as compared to genotype CC ( þ 12%, P ¼ 0.074) (data not shown). Since the apoE isoform is known to influence serum lipid levels, 15 the analysis was repeated with subjects only having the E3E3 isoform, the most predominant isoform (49% of this control group). When only E3E3 isoforms were included in the analysis, a 34% increase (P ¼ 0.036) in serum triglycerides was found in individuals homozygous for the A allele as compared to individuals homozygous for the C allele ( Figure 1) . No associations were found between the polymorphism and serum total cholesterol, apoB and apoA1 levels.
To investigate the effect of the CYP7A1 polymorphism in the different lipid disorders, we divided the patients in homozygous A carriers and carriers of the C allele. The groups of the genotype CC were too small for statistical analysis.
HTG patients homozygous for the A allele had significantly increased levels of total cholesterol (P ¼ 0.006), total triglycerides (P ¼ 0.039), VLDL-cholesterol (P ¼ 0.05) and VLDL-triglycerides (P ¼ 0.039) (data not shown). The inclusion of BMI, sex and age in the model slightly changed these results, as shown in Figure 2 . In subjects homozygous for the A allele, serum total cholesterol was significantly increased by 23% (P ¼ 0.005) as compared to carriers of the C allele. There was a strong tendency towards increased levels of serum triglycerides ( þ 39% P ¼ 0.06), VLDL-triglycerides (48% P ¼ 0.053) and VLDLcholesterol ( þ 35%, P ¼ 0.059) in homozygous A carriers. No associations between the CYP7A1 genotype and serum HDL-and LDL-cholesterol levels were found in HTG patients. Since insulin strongly influences serum VLDL levels in the HTG patients, 25 we compared serum insulin and glucose concentrations and insulin resistance (HOMAindex) between the homozygous A carriers and the carriers of the C polymorphism. However, no significant differences were found for these parameters between the groups (data not shown).
In patients with CH and FH and both in normolipidaemic and hyperlipidaemic FD patients, no significant associations were found between the CYP7A1 genotype and serum levels of total cholesterol, total triglycerides, LDL-cholesterol and HDL-cholesterol. Furthermore, no differences in results were found between men and women in these groups (data not shown).
Discussion
In the present study we characterised the role of the A-278C promoter polymorphism in the cholesterol 7alpha-hydroxylase gene in a healthy normolipidaemic male population and in four groups of patients with lipid disorders: HTG, CH, FH and FD. Allele frequencies of all studied populations in our study are comparable to those in literature 12 ; approximately 40% of the population carries the -278C allele. We did not find an effect on the frequency distribution of the A-278C polymorphism between the hyperlipidaemic patients and the normolipidaemic control population. This is a strong indicator that this variant does not contribute to the development of the hyperlipidaemic disorders. Detailed association studies, however, showed a modulating effect of the polymorphism on serum lipid levels. In a healthy normolipidaemic male population, we found no significant associations between serum lipid levels and the CYP7A1 genotype. It is known, however, that the apolipoprotein E polymorphism is a modulator of serum cholesterol and triglyceride levels. Although results are variable, in several studies it was shown that the apoE polymorphism accounts for 2 -20% of the interindividual differences in lipid and lipoprotein levels. 26 -28 For this reason we performed a second analysis in which we included only subjects homozygous for the E3 isoform, accounting for about 50% of the population. We found a significant 34% increase in serum total triglyceride levels in homozygous A carriers as compared to homozygous C carriers. Such a marked difference in triglyceride levels between homozygous A and C carriers has not been reported before, although Couture et al 13 described a small difference between CC and AC carriers in women only. We found no association with apoB levels, in agreement with other reports. 13, 14 An association of the CYP7A1 polymorphism has only been found with LDL-cholesterol levels, which were higher in carriers of the C allele, 12 although this has not been confirmed consistently in other populations. 13, 14 A reason for these differences may be differences in dietary intake and composition of the diet, which strongly affects serum lipid levels, and genetic background of the populations. In HTG patients, we also found, for the first time, an association between the genotype AA and elevated levels of serum total cholesterol. Furthermore, there was a tendency towards increased levels of serum triglycerides, VLDLtriglycerides and VLDL-cholesterol.
Both in the healthy normolipidaemic male population and in the HTG population, the polymorphism seems to be involved in triglyceride metabolism. We did not find this association in the other hyperlipidaemic populations. For the FH population this association between the CYP7A1 polymorphism and plasma triglycerides was not expected. It is known that FH is caused by a defect in the LDLreceptor gene, leading to an increase in plasma LDLcholesterol. This genetic defect does not lead to a change in plasma triglyceride levels. For the hyperlipidaemic FD population, an association between the CYP7A1 genotype and plasma triglycerides could be expected. These patients have high levels of triglycerides which could partly be explained by the CYP7A1 genotype. The same is true for the CH patients. This disorder is associated with a complex phenotype, and probably multiple genetic defects play a role. However, we found no evidence for a role of CYP7A1 in these diseases. The molecular mechanism underlying the effect of the CYP7A1 polymorphism on serum lipid levels is as yet unknown. Studies on the transcriptional regulation of CYP7A1 revealed that the promoter region between nt À432 and À220 contains several cell-specific enhancer elements whose activity is controlled, in part, by HNF-3. 29 It is conceivable, therefore, that the A-278C polymorphism might modulate transcriptional activity of the CYP7A1 gene and, consequently, the rate of cholesterol catabolism. Theoretically, the association that we found between the genotype AA and elevated triglyceride levels in normolipidaemic and HTG subjects could be explained by an increased bile acid synthesis in AA carriers. From previous studies it is known that there is a strong correlation between an increased bile acid synthesis and serum triglyceride levels. 6 Treatment with the bile acid sequestrant cholestyramine, which induces bile acid synthesis, leads to an increase in VLDL-triglyceride and VLDLcholesterol production. This increase is seen both in healthy individuals 30 and in patients with various types of hyperlipidemia, 31 and predominantly in patients with HTG. 32, 33 In animals, this relation between bile acid synthesis and serum triglyceride levels also exists. Disruption of the enzyme sterol 27-hydroxylase in mice leads to a five-fold increase in CYP7A1 activity and a two-fold increase in hepatic and serum VLDL-triglyceride levels. 5 For the HTG population this polymorphism could serve as an extra modulating genetic factor, increasing the triglycerides even more. The hypothesis would also well be in line with previous research in which the genotype AA was found to be associated with decreased LDL-cholesterol levels in a normolipidaemic population. 12 If the bile acid synthesis is upregulated, more cholesterol is needed and will be acquired by the liver via LDL-receptor mediated uptake and, as a consequence, LDL-cholesterol in serum will be decreased. However, again it should be noted that this hypothesis is only based on association studies, and therefore studies towards the functionality of the A-278C mutation are required. Furthermore, we cannot exclude that our findings are based on chance. Another possibility is that the polymorphism in itself is nonfunctional, and is in complete linkage disequilibrium with another, functional, polymorphism in the CYP7A1 gene or in another unidentified gene nearby the CYP7A1 locus.
In conclusion, these data show that the A-278C polymorphism in the CYP7A1 gene is associated with serum triglyceride levels in a normolipidaemic male population and with serum cholesterol levels in HTG patients. There are no associations between the CYP7A1 genotype and serum lipid levels in patients with CH, FD and FH.
